Introduction
I am honored for having been selected as the recipient of the Wesolowski Award, 1998 and feel fortunate to be in the company of colleagues and friends like, Jack Spengler, Harvard U., Wayne Ott, Stanford U., and Lance Wallace, EPA, who have helped pioneer the growth of Exposure Analysis. I should state, however, that any achievements I have made could not have occurred without the support of my family, and friends and colleagues. This is a very important time for the discipline, and I am very thankful to be part of it. Thus, my address will focus on Exposure Analysis and its growth, and my personal aspirations for its future.
The first Wesolowski Award Recipient, R. Harris, NC, discussed how the field was built upon the foundation established by industrial and occupational hygiene. Clearly, we have drawn upon their extensive use of personal monitoring, biological monitoring, and occupational histories (questionnaires) to examine community exposure problems (Harris, 1994 ; American Conference of Governmental Industrial Hygienists, 1995) . In fact, a number of our founding members have built upon their experiences in industrial hygiene and radiation health and safety (National Council on Radiation Protection and Measurements, 1987) .
Our current understanding of community and personal exposure has been derived from important events which have occurred since the 1970s. A number are listed in Table  1 , and you can see that I believe that the identification of indoor air pollution (e.g., volatile organics, environmental tobacco smoke) as a problem in modern and developing societies was a major event in establishing the need to define an individual's or a sub-population's total exposure to air pollution. Results of many studies in Europe and the United States indicated that there was the air quality paradox: Indoor air emissions of many outdoor air pollutants were the major uncontrolled sources of exposure to humans (National Research Council, 1981) . Included were the important results obtained on personal/indoor and outdoor air pollution exposure during the Harvard Six City Health Study (Spengler et al., 1981 (Spengler et al., , 1985 .
The need for personal exposure measurements from multiple media was firmly established in the 1980s when the Total Exposure Assessment Methodology (TEAM) studies were conducted (Akland et al., 1985; Wallace et al., 1987 Wallace et al., , 1988 Clayton et al., 1993) . For example, individuals living in New Jersey, California, North Dakota, and North Carolina were sampled for volatile organic compounds (VOCs) in human breath, personal air, and multimedia microenvironments. Eventually, the results provided a rich database and information on where and how high exposures to VOC actually occurred in the populations. The studies also raised the important point that we were not regulating the sources that cause the most significant exposures to individual pollutants, e.g., benzene (Wallace, 1989) .
In the early 1980s, exposure analysis got a wake-up call because the`Red Book' on Risk Assessment published by the National Research Council (NRC) suggested that exposure assessment was of limited value because of its inability to simultaneously examine total or multimedia exposure issues (National Research Council, 1983) . Obviously, at that time, we had virtually no data from TEAM, and the concepts associated with personal exposure developed by Duan (1982) and Ott (1982) were only beginning to receive attention. Thus, the NRC committee based its conclusions on the current understanding of the applicability or utility of exposure analysis, and the fact that environmental quality data and regulatory strategies addressed issues medium by medium.
Ideas about the modeling and monitoring of human exposure were catalyzed at the 1985 Harvard Workshop on Human Exposure Assessment. It was a virtual`who's who' in exposure at that time. Further, in 1986, the NRC Board of Environmental Studies and Toxicology (Drs. D. Davis/J. Reisa, Directors) started considering the value of biomarkers in population studies. The Committee, which was Chaired by Bernard Goldstein of EOHSI/UMDNJ, completed reports on Biomarkers of Reproductive Toxicology, Pulmonary Toxicology, and Immunotoxicology (National Research Council, 1989a , 1989b , 1992 . Their analyses indicated that knowledge about human exposure was important, even if only from the standpoint of establishing the dose of a contaminant that was or could have been delivered to the body. In addition, the committee presented the idea that human exposures, not concentrations, lead to a dose. This is an important concept that a number of us in the field have tried to develop as a necessary cornerstone for establishing dose/response relationships, and the linkage of exposure to human health effects.
In 1987, the discipline of exposure assessment and analysis took a major step forward as a result of the NRC, Board of Environmental Studies and Toxicology forming the first multidisciplinary committee on exposure assessment (National Research Council, 1991) . Although the study was designed specifically to define the exposure assessment needs for air pollution, the Committee members immediately recognized and understood this as an evolving discipline without a firm theoretical foundation. The committee, which included the late Dr. Jerry Wesolowski, took the first steps to define fundamental scientific principles for studying exposure, and felt it was critical that the investigators begin testing hypotheses and examining theoretical concepts. The situation at that time was so confusing that there was no single definition of an exposure. In fact, the committee, which I was fortunate enough to chair, spent the first day of its first meeting trying to define exposure. Perspectives were derived from epidemiologists, a physician, chemists, environmental scientists, engineers, and a statistician. Joan Daisey reminded me that aǹ avalanche' of definitions was put forward, which eventually evolved into a consensus definition for the activities of the Committee. By 1990, Dr. Mike Calahan of EPA and I were able to use the insights made by the NRC Committee to reduce the ambiguity in basic terminology and mathematical relationships that were used in Exposure Assessment Guidelines for Risk Assessment. These were eventually published in 1992 (US Environmental Protection Agency, 1992).
In 1990, Ott (1990) and I (Lioy, 1990 ) published separate papers on frameworks for Exposure Analysis. My paper defined a continuum from emissions of a pollutant to a health outcome. A modified version of the conceptual framework is illustrated in Figure 1 , and places exposure at critical point for bridging traditional environmental science with the results of toxicological and epidemiological investigations (Lioy, 1990) . Thus, to complete the bridge, it is essential to establish: (1) how one is exposed; (2) why one is exposed; and (3) where and when one is exposed to a material. Each piece of information is necessary to reduce uncertainties that normally preclude linking a source emission to a health effect. The continuum from emissions to exposure to expression of health effects can be directed at an individual. It should be made explicit, however, that it is important to define distribution of exposure among a population, which can include the general population, subgroups of the population and people who may be highly exposed. In the past, however, little data have been acquired to establish the probability distribution functions of exposure. To be of increasing value to risk assessment, epidemiology, and public health, we need to define the mean, and high-and low ends of exposures to contaminants of concern. Ultimately, these distributions are necessary to examine the consequences of environmental exposures to chemicals, physical or biological agents, and identify methods for reduction or control.
This brings to mind an observation made by my colleague, Dr. Natalie Freeman, at EOHSI/UMDNJ during the Childhood Lead Exposure Assessment and Reduction Study (CLEARS) that we conducted in Jersey City, NJ (Lioy et al., 1998b; Rhoads et al., in press ). We were having a difficult time figuring out why one child had a blood lead concentration of greater than 25 g/dl. This is a value which clearly required clinical intervention. However, after reviewing our population distributional data, and homespecific data on microenvironmental exposures caused by lead in paint, lead in soil or house dust, or lead in water, we could not identify the route of the exposure. Finally, after discussions about the child's behavior with his parents, we found that he chewed on the nose of one toy all the time. The toy was a Big Bird with a big black nose, and it seemed only reasonable to analyze the nose from Big Bird. We measured high concentrations of lead in the nose. Thus, contact' with this unusual source led to the high exposure, and the need for interdiction and then simple elimination of the source. So, if we examine the continuum from source to health effects in more detail (Figure 1 ), we can see that one of the most important issues is`contact' (Ott, 1995; Lioy, 1997) . It re-emphasizes the need for exposure assessment or analysis to examine issues in a way that identifies the point of contact with an agent in single or multiple media. One can then conduct research and evaluations that move Exposure analysis: reflections on its growth and aspirations for its future Lioy backwards from that point of contact to the source of the contaminant(s) of concern, or move forward to determine how contact (exposure) leads to the dose presented to the body, and leads to a biologically effective dose. Eventually, interdisciplinary analyses completed by`exposurists' (Ott, 1995) or exposure analysts (National Research Council, 1991) , in conjunction with toxicologists, epidemiologists, and public health scientists, are required to understand causal relationships between exposure and health effects. During the period 1988 ±1991, other noted professionals in the field published thoughtful articles on exposure, and the Office of Research and Development of EPA finished a comprehensive plan for addressing exposure assessment research (Sexton and Ryan, 1988; Smith, 1988a Smith, , 1988b US Environmental Protection Agency, 1988; Lebowitz et al., 1989; Duan, 1991; McKone, 1991; Ryan, 1991) . Thus, a new discipline of Exposure Assessment or Analysis began to emerge during the period from 1988 through 1991.
The first discussions about the formation of a society also began in 1988, at the Mobile Oil Toxicology Laboratory, Princeton, NJ. Then during a 1990 conference on Exposure Assessment sponsored by The Air and Waste Management Association held at the Tropicana Casino, Las Vegas, NV, the ISEA was founded by the group of individuals listed in Table 1 (verified by our current President-elect, Mike Lebowitz, U. Arizona). The event led to a series of followup meetings that included other`founders' of the society: Edo Pellizzari, RTI, Mort Lippmann, NYU Med. Center, and Lance Wallace. Eventually, we selected the first president, Myron Mehlman, and identified our initial slate of officers and members of the Board of Councilors.
Recognition of the fundamental science issues of exposure analysis marked only the beginning of the scientific discipline. In fact, 1991 saw one of the most important events in the field: the growth of the section on Exposure Assessment in the Journal of Toxicology and Industrial Health into the Journal of Exposure Analysis and Environmental Epidemiology by ISEA, which has as its current and only editor, Edo Pellizzari. His efforts in establishing this journal, and making it a premier journal for publication of scientific information on exposure, have clearly enhanced the reputation of the society and the identity of the field. It was an action required by ISEA to ensure that exposure analysis grew as a scientific discipline. Subsequently, professionals in the field and related fields have begun to learn more about the value of Exposure Analysis and its Assessment as a science. A complimentary scientific activity was the design of the National Human Exposure Assessment Survey, which was led by Ken Sexton, EPA and now of U. Minnesota, and a multidisciplinary group of scientists (Lebowitz et al., 1995; Lioy and Pellizzari, 1995; Pellizzari et al., 1995; Sexton et al., 1995) . A European development of similar scope was the EXPOLIS Study, which was led by Matti Jantunen, Finland, in collaboration with other European scientists. It established the distributions of adult exposures to air pollutants in the cities of Athens, Basel, Grenoble, Helsinki, Milan, and Prague (Jantunen et al., 1998) .
Other recent activities which should eventually provide further stature for the field are the critical needs documents for particulate matter (PM) research released over the past 2 years (US Environmental Protection Agency, 1996 Agency, , 1998 National Research Council, 1998) . Each stated that information on the exposures experienced by the populations at risk were a major gap in the database used to define the relationship between outdoor air concentrations of PM, and outcomes of morbidity and mortality in urban areas of the United States.
The Food Quality Protection Act, and issues related to pesticide exposure, have also demonstrated that exposures derived from multiple pathways and routes of contact need to be quantified to achieve adequate protection of public health (National Research Council, 1993 ). An example is our group's work on semi-volatile pesticide accumulation in toys after routine broadcast application. The results have shown that prior to making a judgment about what is the most important route of exposure, we need to examine all of the likely opportunities for contact, especially among children (Gurunathan et al., 1998) . Many important strides have been made understanding issues related to pesticide exposure, and a number of articles have been published in the journal (Fenske et al., 1991; Roberts et al., 1992; Marty et al., 1994; Esteban et al., 1996; Bradman et al., 1997) .
There are two other recent events which I feel are very important for the field. First was the formation of the National Exposure Research Laboratory by EPA, headed by Gary Foley, and the appointment of Dr. Judith Graham as the Deputy for Exposure Assessment and Health. The second was the initial independent Annual Meeting of the ISEA, held in Research Triangle Park, NC in November 1997. It was a milestone in terms of bringing scientists and practitioners of Exposure Analysis and Assessment together to talk specifically about the science that supports the discipline, and to set a course for the future. I will refer each of you to the Plenary Session Summary and Analysis published in Vol. 8, No. 3 (1998) of our journal (Lioy et al., 1998a) .
The future
Scientists in the field have tried to characterize the hierarchy of exposure data and measurements. In fact, diagrams have been drawn that are similar to the one presented in Figure  2a , which was provided by Drs. Clifford Weisel and Natalie Freeman of EOHSI. It shows source emission data being at the bottom of the data pyramid used to examine exposure, and biomarkers being ultimate measurements, as well as the most difficult to obtain and to yield quantitative results related to health effects. However, as time passed, I have begun to realize that biological markers may not necessarily be the best measurement or the most appropriate measurement for conducting an analysis of exposure. In fact, in some cases, we will not be able to obtain biomarker measurements because of the complexity of the system, or ethical issues associated with testing human subjects. Further, biological markers alone cannot provide us with information on the sources, routes of contact and entry, distribution, and duration and frequency of exposures. A variety of measurement tools are necessary to interdict a current problem, or design long-term exposure reduction and prevention strategies. Biomarker measurements made in NHANES and NHEXAS are valuable, and extremely useful in identifying or eliminating issues (Pirkle et al., 1994 (Pirkle et al., , 1995 . However, they cannot fulfil all the needs of the users of exposure information: epidemiology, risk assessment and management, and pubic health.
I provide Figure 2b for your consideration as a modified view of the hierarchy exposure measurements. The simple adjustment suggests that in the future, once we get beyond regional environmental quality databases, the techniques for biomarkers, personal monitoring, activity patterns, and microenvironmental measurements should be considered of equivalent value. Thus, the methods will be selected on the basis of the needs for a particular study or set of analyses. When taken together, the techniques can be considered as the contents of a`tool box' for testing hypotheses and examining chemical, physical, and biological agents exposure in various types of populations. The techniques can be employed individually or collectively to understand contact, define the exposure, and eventually solve problems.
The modeling of exposure was first presented by Duan (1982) and Ott (1982) for air pollution. More recently, multimedia models, such as CalTox, have been developed for exposure and risk assessment (McKone and CalTox, 1992) . At EOHSI, we have developed the Exposure Dose Modeling and Analysis System (EDMAS), which will be expanded to a MENTOR (Modeling Environment for Total Risk) system over the next 5 years (Georgopoulos et al., 1997) . It provides a framework that integrates environmental quality models for indoor air, ground water, or soil to microenvironmental and probabilistic exposure models. In Figure 3 , one can see that the EDMAS framework can link the above to pharmacokinetic and dose estimation models. It has been applied for the specific example problems of contaminants in shower water and groundwater infiltration into a basement. The linkage of the EDMAS to both fieldand laboratory-generated data has been able to define the magnitude of contact (exposure and dose) using both backward and forward simulations within the EDMAS framework, which means from biomarker measurements to routes of exposure, and from a source to an internal dose, respectively (Georgopoulos et al., 1997) . As the field provides more information from the measurements of the types described in Figure 2b , and we obtain more information from pharmacokinetic studies conducted by toxicologists, we will be able to reduce uncertainties associated with the estimation of exposure and dose. We Exposure analysis: reflections on its growth and aspirations for its future Lioy cannot, however, forget the fact that models are hungry for data to conduct tests of performance and tests for validation. These data will help reduce uncertainties in estimating the distribution of exposures for individuals and populations, and will be of immense value in attempting to understand the nature of accumulative exposure, an emerging focus of the field. Clearly, personal monitoring, microenvironmental monitoring, and biomarker measurements for multimedia need to improve both in quality and quantity, if we are going to reduce the uncertainties in current and future models, and integrated modeling frameworks like EDMAS or CalTox (McKone and CalTox, 1992; Georgopoulos et al., 1997) . Unfortunately, at the present time, we are not in a position to consistently take these direct or indirect measurements of exposure or develop new or improved sampling methods. There is no coherent or regularly funded research program to promote the development and validation of any type of systems required in the future, e.g., sophisticated remote or microsensors. Thus, my major aspiration for the next 5 years is that one or more organizations establish a stable source of funding for exposure research. As you can see in Table 2 , it is important to develop (1) innovative tools, (2) advanced models, (3) microenvironmental monitors, (4) activity pattern sampling for potential contact, and (5) biomarkers. New and validated approaches can then be applied to reduce uncertainties in risk assessment, epidemiology, metabolism and pharmacokinetic analyses, and community interventions (a subject of The 8th Annual Conference) for environmental and occupationally related problems. Further, a stable source for funding exposure analysis research is necessary to sustain the interest of new and young investigators and allow them to take up the challenges of the future. All of the above will be essential for solidifying a paradigm for the discipline that will be poised to answer public health questions related to environmental chemicals, and biological and physical agents.
Concluding remarks
I want to end my lecture using concepts presented in Thomas Kuhn's book called The Structure of Scientific Revolutions (Kuhn, 1986) . He presented the argument that members of a scientific community establish paradigms to explain the nature of chemical, physical, and biological processes. Occasionally, new insights or events cause members of a discipline to question the current paradigm, which can lead to revolutions in scientific thinking and lead to what Ott (1995) has described as the`birth of a new science'. So, let us take major ideas from Kuhn's book that describes the foundation of a scientific revolution, apply them to exposure analysis, and see where they take us. The specific concepts are presented in Table 3 , and will be referred to in my following comments. First, is Exposure Analysis replacing concepts of an established paradigm? It is. The concepts and indicators used to traditionally examine environmental quality are not adequate for understanding human exposure and its relationship to health. Exposure Analysis is employing new concepts and theories to establish when, where, why, and how human contact with a material present in a single and multiple media lead to significant or meaningful single or multiroute exposures. Further, Exposure Analysis requires that we examine data and conduct measurements and experiments in a way that diverges from traditional laboratory and field studies used to establish Environmental Quality. Consequently, the analyses of exposure lead to new and modified observations and information, and conclusions about the significance of human contact with a chemical, physical or biological agent. For example, programs on Environmental Quality never require personal monitoring or detailed data about human activities to test pertinent hypotheses about exposure or prevent future exposures. These programs assume that the most important contact occurs at a point in space and time where there are measurements of air and water pollution, etc., and then assume that similar contacts occur at points that can be miles away. In addition, many measurements of environmental quality are made primarily to establish the long-term trends, and compliance of sources to regulations, which may or may not affect our understanding of the most significant exposures to a toxic agent. Table 3 . Major features of a scientific revolution adapted to exposure.
Exposure Analysis is:
Replacing concepts of an established paradigm (Environmental Quality) with new concepts and theories (Human Contact).
Looking at things in a different way and observing new or modified information.
Replacing or modifying terminology, concepts and experiments.
Bringing scientists/engineers together and beginning to develop a new generation of scientists to strengthen new concepts.
Going beyond borrowing elements of a paradigm and beginning to develop a new set of theoretical constructs and experimental approaches.
Adapted from Thomas S. Kuhn (1986) .
Lioy
Exposure analysis: reflections on its growth and aspirations for its future As a consequence of new experimental protocols, etc., we are replacing or modifying terminology and concepts, and developing different types of scientific methods to solve current and future problems. Recent scientific literature also shows that exposure analysis researchers and practitioners have been modifying terminology, developing new concepts, and presenting the results from major new experiments. For the latter, examples include breath analysis measurements in the general population, microenvironmental measurements of contaminants in house dust, and videotaping of children's activities.
With respect to scientific terminology, we have made significant strides in reducing the number of definitions of exposure. Currently, the journal has adopted definitions and other terminology found in the EPA Exposure Guidelines since one of the most important milestones is a clear definition of our`scientific language (US Environmental Protection Agency, 1992). There is still some controversy about the definition of exposure, but that is necessary for a new discipline. For example, my definition of exposure is a bit different from Wayne Ott's. The good news is, that our definitions are converging with each iteration. We may never totally agree, but eventually someone else may present a better one.
The society has been very successful in bringing scientists and engineers together, and we are beginning to develop the first generation of`true' exposure analysis scientists, or as Wayne Ott would call them,`exposurists' (Ott, 1995) . I am very pleased that the ISEA now has a Young Investigator Award in exposure assessment: a major and necessary step forward to secure the discipline's future. Our program at Rutgers University and UMDNJ-Robert Wood Johnson Medical School was the first to establish a Joint Ph.D. degree in Exposure Assessment. We have graduated 11 students (four more will graduate in 1999) and each is in the process of developing a career. I look forward to seeing similar programs in the future. These young professionals will have opportunities to conduct research on methods and research that examines mechanisms of exposure to particulate matter, pesticides, radioactivity, biological agents, endocrine disruptors, neurotoxins, and designer fuels where the actual potential for contact is still uncertain in many cases. Further, for chemicals like pesticides, we need to reduce aggregate exposure, but society still must be able to use this vital product for control of insects and disease.
As a final link to the concepts presented by Kuhn, the field is moving beyond the point of identifying elements of a paradigm and beginning to construct and establish new sets of theoretical concepts and experimental approaches that will define a paradigm for exposure analysis. It is a major advance which will solidify the science of our discipline and will lead to new applications that will be useful to many stakeholders. A paper of Dr. Panos Georgopoulos, EOHSI/ UMDNJ, and I published in 1994 laid a foundation for the theoretical basis of exposure analysis, and the components and criteria that are needed to apply our methods to other fields (Georgopoulos and Lioy, 1994) . Recent work by Duan and Mage (1997) , Zartarian et al. (1997) , and Mage have provided more definition to the framework, and also provided forum for further discussion on the theoretical and conceptual basis of exposure analysis. This is healthy, and a necessary component of a process which brings a`revolution' to an end and establishes a new scientific paradigm. The new environment for experimentation and analysis of exposure will eventually reduce uncertainties, and improve our ability to predict or identify the types of`contacts' and resulting exposures that lead to disease, and identify actions that will lead to improvements in the public's health.
Thank you for your time, and I look forward to having opportunities to discuss the content of my talk with each of you in the future, and to continue helping the field to grow in the years to come. Further, as the historian of the society, I look forward to continuing to track new advances, and note important events that I missed in Table 1 . Then in 10 years or so, it may be time to institutionalize a consensus history of the field.
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